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: I Introduction and Summary

This final report will describe the work performed by the
Communications Satellite Corporation, COMSAT, under Contract No.
F44620~-76-C-0045, entitled "Worldwide Seismographic Communications
Network", sponsored by the Advanced Research Projects Agency, ARPA
Order No. 2298. The purpose of the program was to assist ARPA and
provide support to NMRO for the expansion of the ARFANET to those
countries from where seismic data will be returned to SDAC via satel-
lite, utilizing packet switching technology. The total cost of the
contract was $53,122. The effective data of the contract was
November 1, 1975, with a performance period extending from the
effective date through May 15, 1976. In June, 1976, the contract
period was extended through September 30, 1976.

Although this experiment could have been performed on SCPC
(Single Channel Per Carrier) equipment as well as pre-assigned
SPADE, it was decided to use the SPADE terminal because: (1) the
SCPC terminal at Etam had not been contractually accepted at that
time, and (2) no SCPC terminal was available at Goonhilly. Even if
the SCPC terminal at Etam could have been used, because of the
experimental nature of the program, it was felt that more reliable
information could be obtained by employing the same type of
terminal at eacir end of the satellite link.

The efforts under this contract have provided support to the
ARPA Packet Satellite Experiment. This experiment has the objective
of testing a number of demand access technicques over a satellite
channel between Etam, West Virginia, and Goonhilly, England. The

satecllite channel is realized through the use of a 38 KHz channel
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in the SPADE transponder (Transponder 10) of the INTELSAT Atlantic
primary satellite. The equipment required'at each earth station
includes a satellite interface message processor (SIMP), two SPADE
channel units, and a SIMP-SPADE Interface (SSI) unit.* The SPADE
channel unit interfaces to the SPADE system common equipment at IF
and this common equipment is used to provide the necessary IF to RF
conversions. Comsat designed and supplied the SSI at Goonhilly ;
under a previous contract. An SSI using the same design was
implemented at Etam as part of the channel tariff.

The>study effort performed under the present contract was
divided into two general areas: direct engineering support of the
ARPA Packet Satellite Experiment and design efforts to improve
system hardware. The area of direct engineering support involved
a number of activities to improve and understand the channel per;

formance in this type of application and assess any impact of

channel performance on the experiment.

Specific types of activities conducted under this phase of the
program includes coordination with Bolt, Beranek and Newman on the
performance of channel tests between the earth stations and the
interpretation of experimental data, designing, scheduling and

monitoring tests performed on the satellite channel, and directing

“

tests on the SPADE channel units to better understand their oper-
ation and to facilitate any required design changes. A direct

result of monitoring the channel performance was a determination
that the packet type of operation required very stringent control
of such system parameters as power and frequency. Earth station

procedures were changed so that the channel is now monitored daily

*See Annex 1 for a list of definitions
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by the earth station personnel to insure that both freqﬁency and

power levels are maintained within the system specifications. As
a result of tests performed on the SPADE channel units, a better
understanding of the constraints placed on the system performance !
was realized. Specifically, the effects of differences in power
level and frequency offsets on the modem operation were determined.
Additional testing cn the 2GC circuitry resulted in a redesign of
the circuit that greatly improved the operation of this subunit
and permitted the channel to be used for experiments that involve
contention demand assignment protocols.

The engineering support activity was conducted in parallel
with the second area of investigation, viz., the considerations of
system hardware design changes which could improve system perfor-
mance with a resulting increase in the scope, flexibility, and

realism of the experimental activities. This second area of support

resulted in a completely new SIMP-SPADE interface design. The new
design removes certain operational constraints, provides improved
flexibility in use of the channel, and increases the channel bit
rate from 56 KB/s to 64 KB/s. The new interface design is dis-
cussed in greater detail later in this report.

Approximately 60% of the effort was spent in direct engineer-
ing support of the satellite experiment, including coordination,
testing and monitoéihg. Another 30% of the effort was spent
studying means for improving the system performance including
Q design of the new interface, and the remaining 10¢ was spent in
i miscellanecous tasks related to the overall program; e.g., training

personnel at the earth stations in regards to system operations,

preparing reports, and holding discussions with ARPA relating

to future performance requirements and implementation
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The Atlantic Packet Satellite Experiment, including the

activities under this contract, has demonstrated that the trans-
mission of packet data via satellite is feasible. The activities
during this study period have indicated the strong desirability
of implementing a real time test and monitoring capability as
an integral part of the experiment to help in increasing channel
reliability and understanding the experimental data. Further
the study activities have provided the basis for the implementa-
tion of an improved interface design which will improve the
reliability, flexibility and throughput of the channel.

In the next section the operation of the initial system

implementation will be briefly described. Some of the problems

| which arose due to the packet mode of operation and the actions

taken to ameliorate them will also be considered. Some SSI

modification will also be described. The use of channel _

monitoring as a diagnostic tool will be considered. Finally,

the remaining channel periformance problem will be mentioned,
along with some analysis which supports the hypothesis that the
problem results from the failure of the SPADE channel unit to
reliably acquire each packet during the preamble under certain
channel conditions.

A Section 3 will be concerned with the system hardware
design efforts carried out under the contract. The motivation

B for these efforts will be discussed. Design efforts to develop

a new SIMP/SPADE Interface unit and to examine possible approaches

v

of reducing, from two to one, the number of SPADE channel units

L

required at each earth station will be discussed. Finally, the

™

utility of encorporating a test and monitoring capability into

the basic SSI will be considered.
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2.0 Direct Enagineering Support

In this section the initial system implementation and opera-
tion will be described to provide background for a discussion of
some of the modifications that were made and for the discussion of
the new SSI design which occurs in the next section. In the context
of this operational framework, the discussion will consider some
of the channel performance problems noted during the test and moni-
toring activities and also the various equipment and procedural modi-
fications made to overcome these problems. The use of real time
channel monitoring data in the diagnosis of channel problems will
be discussed along with the remaining channel problems.

2.1 Initial System Implementation and Operation

The major emphasis in the implementation of the initial
experimental configuration was to use a low risk approach, so that
a minimum amount of modification to the baseband equipment of the
SPADE channel units would be required. The SPADE system was
originally designed for the transmission of voice data in
a burst mode, i.e., the satellite power is utilized only during
periods of actual voice activity. The ARPA Packet Satellite Ex-
periment also requires a burst mode of transmission, but with data
actuation. For this recason the SPADE system was chosen for use
in the ARPA experimental program, with the interface so configured

that it simulated a voice activated system. However, since the

W 7

- |

SPADE system is very complex, and is being employed in a manner

. o

not required for the transmission of voice, some problems occurred

which could not be anticipated at the start of the program.
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2.1.1 System Configuration .

.

Figure 2-1 shows how the SIMP*, S$S8I, DTS, and SPADE channcl
units are connected into an integrated system at each earth station.

In this configuration two SSI's and two SPADE channel units are used.
One SSI is used for operation with the on-line transmit and receive
synchronizers, and the other is available for use with the Data Test
Sei. and as a spare. The switch matrix is provided so that in the
event of a failure in the operational channel, switch-over to the
standby channel can be accomplished with a minimum interruption of
service. This configuration allows a failed unit, SSI or transmit
or receiver synchronizer, to be removed and repaired.

During normal operation the SIMP is connected to transmit syn-
chronizer A and receive synchronizer A' through SSI,- The DTS will
operate with transmit synchronizer A' and receive synchronizer A through
SS1g. The connection of the SIMP, DTS, and SSI's can be interchanged
through the operation of the switch matrix. If loop back tests are to
be performed, all data to and from the SIMP will pass through one SPADE
channel unit, while all data to and from the DTS will pass to the other
channel unit. During such loophack testing, there is no transmission
to the satellite from either channel unit.

2.1.2 System Operation

The SPADE system was originally designed to convert 4.0 kHz
terrestrial voice-band analog signals to 56 Kb/s PCM data using 7 bit

encoding at an 8 kiiz sampling rate. For packet data operation the SIMP

*See Annex 1 for list of definitions. A more detailed explanation of
the system configuration and operation is available in the final report

of Contract No. Fr44620-74-~C-0070.
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substitutes data for PCM voice and transmits and receives data at
56 Kb/s to and from the SPADE channel unit.' The SPADE PCM voice
CODEC is bypassed and the data is fed directly into the Transmit
Synchronizer and received directly from the Receive Synchronizer.

During normal operation, bursts of data are transmitted. Each
data packet can vary in length from as little as approximately 100
bits to more than 1000 bits The time between bursts can also vary,
with the lower limit set by the minimal guard band. The exact data
format of a packet is dependent upon the particular system protocols
being used and is essecntially determined by the software programmed
into the SIMP. 1In each burst the actual data packet is preceded by
preamble and SOM bits which are used by the SPADE modem to acquire
timing. The timing of the transmission of a burst from an earth
station is controlled by the corresponding SIMP which initiates a
burst by transmitting a GOSIG to the SSI. The SIMP's maintain a common
time base through the use of a 'follow the leader' slotting algorithm.
Basically both SIMPs periodically monitor their own round trip pro-
pagation time to the satellite and the second (slaved) SIMP monitors both
its own and the other SIMP's transmissions to adjust its clock to main-
tain a fixed relationship with respect to the other SIMP, the leader.
Thus the channel is slotted, i.e., packet transmissions can only
start at a set of discrete times. Some of the protocols only allow
a single station to transmit during a given slot while others, con-
tention protocols, allow the possibility of both stations trans-
mitting into @ given slot. As will be explained below, channel

modifications were required to obtain satisfactory performance with

these contention protocols.
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Once the SIMP has transmitted a GOS;G to the SIMP/SPADE 1Inter-
face Unit (SSI), control of the channel unit and SIMP, i.e., time and
rate for data sampled out of the SIMP, is maintained by the SSI. The
SSI sends 56 klz clock pulses to the SIMP. Data are sampled out of
the SIMP at the 56 kHz rate and then stored in two 112 bit memories
in the SPADE channel unit Transmit Synchronizer. The data are reed out
of the memcrics at a 64 kHz rate after the Preamble has been generated.
The Preamble is composed of 40 bits for carrier recovery and 80 bits
for bit timing recovery. After the bit timing recovery sequence has
been generated, a 32 bit Start of Message (SOM) is inserted. This is
; followed by the data. Because the data are written into the memories
at 56 kHz and read out at 64 kHz, the timing is such that 224 bits at
56 kHz equals 256 bits at 64 Khz. The 256 bits at 64 kHz is composed
of 224 bits of data plus 32 bits of SOM. The 64 Kb/s serial data bits
are converted into two parallel 32 Kb/s data streams for modulation of
the carrier; 4/)-PSK modulation is used on a channel with a noise
bandwidth is 38 kHz. The spacing between adjacent channels is 45 kHz.
The transmitted carrier must remain on until all data has bheen
read out of the 112 bit memories. This is accomplished in the 5SI by

employing two sects of counters. The first set counts the number of

-

f: data bits sampled out of the SIMP and passed on to the channel unit.
£ -
i This counter operated at £6 Kb/s. The second set counts the number of
S data pulses rcad out of the memories and operates at 64 Kb/s. When the
¥
. second counter rcaches the same number as the first, the carrier is

turned off.
When the burst is received from the satellite, the inverse
process is performed, i.e., the 4¢-PSK carrier is demcdulated into two

32 Kb/s parallel bit streams which are inrterleaved to form a 64 Kb/s

* - - . - P P ,,_.Mj
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serial bit stream which is read alternately into one of two

112 bit memories. at 64 Kb/s. The data are read out of these

menories at 56 Kb/s; the SOM is stripped uﬂz of the bit

stream during this operation. The operation of the Receive Synchro-
nizer is controlled by the CARRIER ON gate gecnerated in the receive
modem. This gate allows the Read/Write memories to operate only

as long as the carrier is present. To accommodate timing delays within
the receive synchronizer, a 33 bit delay in addition to the 112 bit
delays in the read/write memories, the transmitted carrier must remain
on sufficiently long to ensure all memories have been cleared of
received data. This requires the transmitted carrier to be on for
approximately 2.5 msec after all data has been cleared out of memcries
in the transmit synchronizer. The carrier is held on for this addi-
tional time by presetting the 56 K bit counter at the transmit station
to 140.

There has been some confusion as to why the SPADE channel carrier
has to remain on for 4.5 msec after all the data has been sampled out
of the SIMP. Figure 2-2 is a timing diagram showing the time relation-
ship between the data and preamble, and the CARRIER ON/OFF signal.

From the figure it can be seen that the carrier recovery scequence
does not start until the start preamble pulse (SP) has been gencrated
within the transmit synchronizer. At the same time the first detum
bit is sampled out of the SIMP and written into the first 112 bit
memory. When this memory is filled, the data bits are held until the

-
<

first SOM has been generated. This requires a total time of 2.375 msec.
After the first SOM, 224 bits of data are read out, followed by a second
SOM, and more data. The process continues until all data have been
sampled out of the SIMP, written into the memory and then read out at

T
ne

64 Kb/s. As previoucsly mentioned, when the burst is received, th
/ 4
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inverse process talkes place. To insure that all the data received is

read out of the memory of the Receive Synch;onizer, the tarrier must
remain on at the transmit end for a sufficient length of time. The

total delay in the Receive Synchronizer is 145 bits, composed of 33

bits for SOM detection plus one half of the 224 bits of memory. Taking
some advantage of the "natural overhang time" in the receivc modem, it

was determined that 140 bits of additional on-time at the transmit

station would be sufficient to insure all data would be read out of thc
receive memory. The 140 bits at 64 Kb/s requires an additional 2.185 msec.
The total time that the carrier must remain on is the sum of preamble

time (PT), data time (Dg), plus overhang time (OT)' TRt

T

PT+DT+OT

2..375 + DT + 2.185

4.56 msec + D

=]
]

T

It should be noted that:

N N. 4 32n
D. = D D

T = 56,000 b/s _ 64,000 b/s

the total number of SOM's required for
the length of the data packet

where n

Ngy = # of data bits

E Each SOM is 32 bits.

5 2.2 Channel Problems and Modem Modifications

When the basic system described above is used for the transmission
of packet data certain problems arise which affect channel performance.
These problems have been difficult to diagnose because they typically
have involved interaction mechanisms between the two participating
stations. That is, an individual station would work well when it
operated in loopback mode through the satellite, i.e., hearing its

own transmissions. Good performance was also typically obtained when

o
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one station transmitted and the other received. The problems
tended to occur when both stations were active in transwission and
reception. In the discussion to follow two of the problems of this
nature will be considered along with the corrective actions taken.

In addition to problems of the above type, the packet mode of
transmission tends to stress the acquisition circuitry of the modems
more than voice transmission. In particular it requires better modem
acquisition performance. This in turn implies more stringent control
of modem adjustment to ensure that all its subunits are operating with-
in their specified operating ranges.

Developing techniques to identify the symptoms associated with
subunits whose parameters or performance are out of specification has
required appreciable Comsat effort. Additional effort has been ex-
pended on scheduling and coordinating the required engineering tests
at the earth stations and in some cases performing tests in the
laboratory.

2.2.1 Problems Associated with Multiple Station Operation

The bursts received at the earth station are down converted from
the 4 GHz band to a 70 MHz II by the earth station down converters,
and sent to the SPADE IF sybsystem. The particular channcl of interest
is picked out and down converted a second itime to 512 kHz in the channel
modem. The signal is demodulated and the two channels of data, at
32 K Band, and the 32 kHz bit timing clock are sent to the Receive
Synchronizer.

Two circuits in the modem, viz., the AGC and VCO units, which
operate well for burst mode voice transmission, do not perform ade-
gquately for the reception of burst mode data as it is being used in
the ARPA circuit. The primary differences in the cperation of the channel

for "burst mode voice" vs "burst mode data" are related to the dynamics
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of channel usage. [I'or voice, reception is from one station only,
and the time between bursts is on the order of seconds. For data
transmission, as employed by the ARPA channel, reception is from two
stations, and the time bhetween bursts is, under certain conditions, less
than a millisecond.

The implications of this change in channel operation and its
effect on the operation of a SPADE channel unit can be explained
as follows.

Effect on AGC

The AGC amplifier continuously samples the level of the 512 kHz
IF and adjusts it to be a constant output through the use of negative
feedback from the level detector. The characteristics of the level
detector are such that it has a short acquisition time constant but
a long release time constant. Figure 2~3 shows the AGC feedback
voltage relative to the incoming burst. The photograph (Figure 2-3)
was taken at the Etam, W.Va. carth station.

This AGC characteristic has causcd two types of channel problems.
For non contention protocols, those that involve only a single station
transmitting at any time, the observed behavior is missed packets if
there is a power imbalance between the two stations' transmissions. 1In
particular, if the lower power staticn transmits a packet immediately
following a transmission from the higher power station there will
be a tendency for the modems to miss the packet because their AGC
circuits will not respond rapidly enough and the preamble and SOM will
be received at low levels. Power imbalances on the order of 1.5 to
2 dB were observed to cause this problem. For contention protocols,

those that involve simultancous occupancy of the satellite transponder,

SR - - - A
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a similar problem occurs. The packets that are in contention are of
course not correctly received, but, in addition, due to the above
AGC characteristic the packet in the next slot also tends to be missed,
even when not in contention, due to the 3 dB power increase associated
with the contention slot.

The power imbalance problem has been alleviated by more stringent
and frequent monitoring of the stations' trancmit powers. This is
essentially a procedural change. In addition, the AGC circuits have
been modified so that any power imbalance that does exist should not
cause a problem and measurements with contention protocols can be per-

1 formed.

Tests, at COMSAT's reguest, were made at the Goonhilly earth
station, and subsequently that AGC circuit was modified. A definite I
improvement in AGC acquisition and release times was obtained.

Similar modifications wer e made at the Etam earth station after some

. additional testing. Figure 2~-4 (a-c) compares the AGC feedback voltage ﬁ

for the unmodified and modified AGC amplifier. The top trace (a)
37 shows the fecedback voltage of the modificd AGC amplifier, and the
bottom trace the feedback voltage of the unmodified amplifier. Figure
. 2-4 (c) shows, with an expanded scale, the feedback voltage for the
modified AGC amplifier.
Additional measurements were performed on the modified AGC to
determine the release time of the AGC as a function of input power

levels, viz., a burst with a nominal C/N and a second burst 9 dB higher

EaY.

than nominal. Figure 2-5 shows the results of those measurements. As

shown in the figure it would take less than 2 msec for the AGC to

decay to the value of feedback voltage normally obtained for a burst
of nominal value. A signal strength of 9 dB above nominal would be
cquivalent Lo having ecight carth statione simultancously transmitting

3
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through the satellite. .

Additional testing is being done at EOMSAT Laboratories on the
SPADE modem AGC. The purpose of the testing is to better understand
the characteristics of the AGC circuit and to determine what further
improvements can be made in AGC operation to provide better reliability
in the satellite circuit and minimize the guard time requirement. Pre-
lirinary results indicate that the decay time can be reduced to a few
bit times.

Effects of VCO Offset

The Voltage Controlled Oscillater (VCO) provides a 512 kiz
reference signal for demodulation of the input burst. Since bursts
arriving from different earth stations will not have been transmitted
at exactly the same frequency, due to slight differences in earth
station up-converter frequencics, the modem VCO must compensate for
these differences. The oscillator control is set at 8.192 MHz. Its
output is tunable and controlled by a loop filter which determines
the amount of correction necessary to produce a zero frequency difference
between the modulated IF and the reference. The reference 512 kHz
signal is obtained from the 8.192 MHz oscilattor by dividing its output
by 16.

Figure 2-6 shows the output of the loop filter, i.e., the
control voltage to the VCO, with reference to alternating input bursts
from the two stations. The difference in this voltage is proportional
to the difference in frequencies of the signals arriving from two
different earth stations. With no signals into the modem, the output
of the loop filter tends to decay to and remain at a quiescent vol-
tage ieveli in anticipation of the next burst. Under normal SPADE

operation, bursts are separated by large quard bands and some bits
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can be missed on a burst without much performance degradation. Also
bursts will tend to be received from the same station for a significant
time period. In the packet mode, transmissions will rapidly switch
from station to station and all data bits must be correctly received
if the packet is not to be missed. Under these conditions the loop
filter must adjust rapidly if there is any appreciable frequency
difference between the transmissions of the two stations. If the
station transmission frequencies are not carefully controlled and the
modem VCO's carefully adjusted there will be a tendency to miss packets.

To prevent this type of channel problem the transmission fre-
quencies of the two stations must be carefully monitored and the channel
performance must be monitored for any signs of VCO misadjustment. The
frequency of measurements on the relative transmit frequencies has
been increased to ensure that the difference is maintained within the
200 Hz SPADL system specification.

The SPADE System specification requires all stations in the
SPADE system to maintain their up-converter frequency within 200 Hz of
the Etam, W.Va. earth station. (Etam is used as the system reference.)
Thus, the maximum ‘requency difference between bursts that one should
expect with two stations in the network would be 200 Hz. However,
once a third station is brought into the network, the maximum frequency
difference could be as much as 400 Hz, causing an even greater demand
on the VCO loop filter. Additional investigations into the operation
of the VCO and loop filter will be required to better understand its

limitations and capabilities, and to determine what modification should

be made, if any, to improve its operation.
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2.3 Modifications to the S$SI .

Two changes in the circuitry of the SS1 were made in order to

eliminate two possible causes of marginal operation. The first change
was to shift the position of the 56 kHz clock relative to the leading
edge of the data sent to the SIMP. In the original design the leading
edge of the clock and the leading edge of the datum bit were coincident.
In transmitting the clock and data pulses from the SPADE channel unit
to the SIMP, some distortion or delay could be introduced into one of
the signals. As a result, the possibility existed for the data written
into the SIMP to not be properly svnchronized with the clock. In order
to prevent this from occurring, the position of the clock was moved

so that its rise and fall times occur in the middle of the bit. Hence,

the data being written into the SIMP is in a definite high or low

state, rather than possibly in transition from high-to-low or low-to-high.

The second modification incorporated into the SSI was a change
in the timing for turning the carrier on relative to the start of the
preamble. In designing the interface unit it was assumed that if the
carrier was turned on prior to gencrating the preamble this additional
carrier energy would aid in the carrier recovery. The normal carrier
recovery sequence is 20 bits of all "1's" sent Lo the A and B channels
of the modem. The first 1 is coincident with the start preamble (SP)
pulse. By turning on the carrier prior to the SP pulse, the bit
sequence was changed to eight 0's followed by twenty 1l's. Additional
testing showed that this procedure did not improve the carrier acqui~-
sition time. If anything, it degraded the acquisition time since the
modem would first try to lock into one reference phase and then invert
the refeircice phase when the signal went from zero-to-one. Thercfore,

the extended preanble time was removed.
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2.4 Channel Monitorinc and Remaining Channel Problems

The various equipment and procedure modifications considered
above have greatly improved the channel performance for packet, i.e.,
burst data, operation. There is, however, at least one factor that con-
tinues to limit the achicved performance.

The channel performance is monitored 24 hours per day by the
transmission of 'routing packets' by each SIMF, with a period of
approximately once per second. In particular the channel transmissions,
the absence of other data packets, are as shown in Figure 2-7. llote
that the two routing packets are contiguous and alternate order from
routing frame to routing frame. Each routing frame consists of 32 slots
which are 30 milliseconds in length. The routing packets occupy 2
of the 32 slots and are 27.6 milliseconds in length in terms of the
duration of R.F. energy. Thus there is a guard time of 2.4 milliseconds
between routing packets.

The SIMPs record the channel performance by monitoring the
number of 'routing packets' which are received over a fixed time inter-
val, which are typically four minutes long. In particular each SIMP
records the numher of its own routing packets that it correctly received
when it transmitted first, the number of its own routing packets that
it correctly received when it transmitted second, the number of the
other SIMP's routing packets that it received when the other SIMP
transmitted first, and the number of the other SIMP's routing packets
that it correctly received when the other SIMP transmitted second.

These values are ccmpared to the expected number of receptions in each
category and the difference is recorded as the number of missed packets
in that category. The typically used 4-minute interval corresponds to

128 packets of each type, i.e., each SIMP sends a total of 256 packets
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per interval. The SIMP also records the number of packets that are
received with hardware check sum failures during the measurement
interval. As far as check sum failures, all routing packets, own or
other guy's, and any data packets, own or other guy's, that might

be transmitted are treated alike, with just the total number of check
sum failures recorded. If the total number of routing packets

missed in all categories at a given SIMP exceeds 4 during the measure-
ment interval, the data is made available through the Network Contrecl
Center at Bolt, Beranek, and Newman. If the number of missed routing
packets is equal to or exceeds four, the data also indicates whether
the number of check sum failures in the measurement interval was

<3 or >4, by setting a single binary bit. The software to perform
this channel monitoring was developed by Bolt, Beranek, and Newman.

This channel monitoring information can be used to diagnose
certain channel and equipment malfunctions and aromolies. During any
measurement interval when the number of missed packets exceeds the
threshold value of four the available data # has the form shown in_Fiaure
2-8. The resulting data patterns can be viewed as syndromes of parti-

cular types of channels problems. For example the pattern

1:v,W/X,Y X, ¥, U and V approximately equal
tends to occur for one of the stations if the bit timing (32 MHz)
voltage controlled oscillator (VCOf in its modem is not within its
specified operating range. Similarly, prior to the AGC modifications
the pattern (syndrome)

020, X/£0.0 Etam

X > 4
0:0, 0/0,X Goonhilly
would result if there was a significant (several dB) power imbalance
between the Ftam and Goonhilly transmissions with Goonhilly relatively
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Analysis and monitoring of these missed packet patterns has

th

proven to be a useful method of quickly spotting and correcting cer-~
tain equipment and operational anomalies.

As the result of appreciable diagnostic work, improvements
in operational procedures to fit this type of channel usage, and the
use of the channel mcnitoring information, the channel is now relatively
free from performance degradation (e.g., missed packets) that can
be attributed to systematic, equipment related, causes.

The channel does, however, still exhibit one type of impairment.
The channel performance, as determined by the number of missed packets,
seems to exhibit a two state behavior. It is either in a 'good' state
where misses are very unlikely or a 'bad' state where misses are much
more likely and characterized by the average syndrome

Etam 0: X,Z2/X,2 X>Zand U > X, V> 2

Goonhilly 0: U, V/U, V Uu>v

There is a correlation betwecen

o and a tendency to miss first packets,

the behavior at Etam and Goonhilly

in a sequence of two, whether

& measurement statistics for an average day
5 rence of this syndrome. See specifically
i

o 0842.

L ) .

% Further, the tendency to be in the

dependent and also tends to vary somewhat

LRSS Decnde P P~ »vmmf —my-v THRETENS T TRERTY W

transmitted by yourself or the other station.

2-10 illustrates the time of day dependence of the performance for a
typical 24 day period. To obtain the data used to plot this figure,
the number of packets missed during each hour period at each station

were counted for each of the 24 days. Then for cach of the twenty-four

Figure 2-9 shows the
and illustrates the occur-

entries at 0833, 0838, and

'‘bad' state is time of day

from day to day. Figure
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one-hour periods the number of days during which the number of missed
packets, of all types, at a specific statioh exceeded twenty was
counted, this data was then plotted on an hour by hour basis for each
station.

There is reason to believe that this pertormance is somehow
related to the total activity in the SPADE transponder through a non
linear coupling mechanism. This behavior is not completely under-
stood at this time. Further, its transient nature makes measurement
difficult-

2.5 Channel Performance Analysis

; To provide a background for the interpretation of the channel
monitoring described above, some analysis of the channel behavior in
a noise dominated environment was performed. In order for the SIMP
to correctly acquire a routing packet the SPADE modem must acquire
the carrier frequency and bit timing from the burst preamble and
detect the presence of a unique word (start cof message (SOM) indi-
cator) which is used to resolve phase ambiguity. The SOM consists
of two 16 bit words which must be detected with at most 2 bit errors.
The preamble and SOM format is shown in Figure 2-11. At this point

bits are read into the SIMP and all 1264 bits in the routing packet

L
must be correctly received to count as an acquired routing packet.*

& If the SIMP unique word 'SYN DLE STX' corresponding to the bit pattern i3

! .er\\' f)",'--’ g\v\’(

: e e

. OUUU,UJY. v,uuiul, \.\.'\,"ﬁ’, +OUL, Ullo0

#

h is received but there is an error in any ofathe remaining bits then ;
the packet will not be counted as a received 'routing packet' but ' |
will be counted as a packet with a check sum failure. If 'SYN DLE STX'

*The eight bits immediately following the SOM are not important and can

b |
#

},.‘ ».vl‘l;'.'-!v'v..
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is not correctly rececived, the SIMP ignores the packet completely.

For simplicity in what follows it will be assumed that the modem
acquires each packet, i.e., it achieves carrier and bit timing acqui-
sition and SOM detection. Further it will be assumed that the error
probability for each of the information bits in the basic packet
(the bits that are used by the S1MP) is uniform. Both of these results
will tend to bias the analysis in the direction of L2ing optimistic.
Indeed, one result of the analysis will be to indicate that the
probhability of modem acquisition must be appreciably less than unity
in certain situations to account for the experimental data. The uni-
form error probability assumption is not entirely realistic either, be-
cause the later bits in the packet normally benefit from the additional
time available to the modem to refine its carrier and bit timing esti-
mates. While the difference in error probability might be a factor of
10 or more, useful results can be cbtained with the uniform assuuption.

With the akove assumptions the performance analysis reduces to
a binomial probability analysis. Let p represent the probability of
a bit error and n the number of bits in a routing packet. Then the
probability of acquiring a routing packet is
E P, [l_p]n

and the probability of missing the packet is

Pm g l—pa

Each measured statistic consists of four types of measurements:
(1) number of migses when listen to self and transmit first,
(2) number of misses when listen to self and transmit second,
(3} number of misses when listen to other station and it

transmits first, and

(4) number of misses when listen to other station and it

transmits second.
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Assuming that bit errors are equally probable in the four types of
measurements and indecpendence between measurement types and measure-
ments of a given type,

P
no

Prob of no output in measurement interval

It

"
BPreb [Z 2. < 4]
i
i=1

il

L P(21) P(R2) P(23) P(24)
Lyl plasny

!
eiglﬁi < 4
where B(2.) = N b "% p Y g en
i (2;) "a m TR

is the probability of missing 54 packets of type i and N is the num-
ber of packets transmitted during the measurement interval. The above

result reduces to

P = PY(0) + 4 P30 PI1) + 4 DP3(0) P(2) + 4 D3(0) P

3)
no

(

2 2 2 3
+ & BT(0)] POCL) # .22 BP0} PLL} P(2) + 4 P(0) P (1)
With the above results it is possible to consider the number of recorded
statistics that should be contained on the channel performance record
obtained each day from the Network Control Center at Bolt, Beranek,
and Newman as a function of the bit probability of error. Figure 2-9
is an example of such a record. In particular, for each station,

Averagz Number of Outputs = 360 [1-P_ ]

Variance in Number of Outputs = 360 P [1—Pn0]
and

Prob [,outputs] = <3§0> p FO0 = (1-p )/
J no no

assuming a mneasurcment interval of 4 minutes, or 360 mecasurements

PP I VN TR Y T TR * SR AR e e —————

e i e




Table 1 summarizes these results as a function of p for n = 1264
and N = 128. This N value corresponds to the 4 minute measurement
interval and the transmission of a routing packet by each station
approximately once per second, i.e., each station sends 256 routing
packets in the measurement interval. Independent measurements of p

e T R e

normally yield a value in the range 10
thct the ordinary thermal noise effects do not account for the typically
observed behavior such as shown in Figure 2-9. Because of the absence
of check sum errors, it seems that the probability of the modem not
acquiring the preamble must be significant under certain transponder
conditions. As mentioned earlier, the exact cause of this phencrienon

is not yet completely understood.

3.0 Design Efforts to Improve System Hardware

In the area of design efforts to improve system hardware, two
specific design efforts were preformed. The first concerned the desigr
of a new SPADE/SIMP Interface unit. This effort was motivated by the
desire to increase the reliability, flexibility and throughput of the
channel. The new design, if implemented, should accomplish these
goals.

The second design effort concerned an evaluation of several ways
to eliminate the requirement for simultancous use of two SPADE channel
units at each station. The new designs would provide satisfactory
service with the use of a single channel unit. There would, however,
be a potential availability problem unless a redundant channel unit
can be made readily available. The motivation for this effort was the
potential shortage of channel units at some earth stations, Goonhilly
in particular, and some potential operational simplicity advantages to

confining operation to a single channel unit.
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Some thought has also been given to the development of a test
and monitoring capability as an adjunct to the SSI. The operational
experience to date suggests the need for a real time test and moni-
toring capability as an aid to channel fault diagnosis and to obtaining
a complete understanding of channel performance in the packet mode
of operation. Such a capability would permit a close correlation
between channel performance and the measurement data taken on the
performance of verious demand assignment algorithms.

3k New SIHE/SPQQE Interface Desiqg

One task under the contract was to determine how the system
operation could be improved over the original design concept, i.e,
the low risk approach with the minimum number of modifications to the
SPADE channel units. A complete new interface has been designed and
bench tested. The new interface eliminates the uncertainty in time
associated with the transmission of the data out of the SIMP relative
to the GOSIG, and the overhang time required to insure all the data have
been cleared from the memories upon reception. The new interface design
also increases the transmission rate from the SIMP from 56 KB/s to
64 KB/s. Finally the new interface is expected to facilitate a signifi-
ant increase in channel reliability by placing the control of pre-
amble generation in the interface unit rather than in the SPADE channel
unit., It is believed that the simplest way to overcome the channel
problem discussed in Section 2.4 is to use a longer preamble. The new
interface design, which can include an essentially arbitrary preamble,
would facilitate such a change and hence potentially have a signifi-
cant effect on channel reliability. Modifying the preamble in the
current system is not feasible as it would reguire a complete rede-=

sign of the transmit synchronizer of the SPADE channel unit.
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The new interface design incorporates all the functions nec-

P essary for transmission and reception of thé burst. The functions nec-
essary for transmission include preamble and SOM (Start of Message)
generation, carrier on/off control, and transmission of 64 kHz clock
pulses to the SIMP. The receive interface accepts the two 32 KB/s
data strcams from the modem, resolves the phase ambiguity of the data
streams, and recombines the two 32 KBR/s data streams into a single
64 KB/s data stream to be transmitted to the SIMP.

The increase in the transmission speed from the SIMP to 64 KB/s
is accomplished by eliminating the requirement to insert a 32 bit SOM

' between every 224 bits of data. The purpose of inserting the 32 bit
SOM is two-fold; for transmission it is used for "bit stuffing” to
increase the transmission rate from 56 KB/s to 64 KB/s; and for recep-
tion, the 32 bit SOM is to resolve any phase ambiguity of the voice
data in the event of cycle slip or loss of phase lock. The reception
of data in the packet mode requires synchronization of the data
starting with the first data bit. Should data be received in error,
for whatever reason, then the entire packet is discarded and a new
transmission of the packet requested. Hence, after initial synchroni-
zation of the data by the first SOM, any loss of data due to cycle slip
or loss of phase lock, which would be corrected by subsequent SOM's,
is of no value for the packet mode of transmission. Therefore, it is

LY possible to eliminate all SOM's from the data stream except for the

- first one. This SOM is used for initial synchronization and resolution

of any phase ambiguities. After synchronization is established by

detection of the {irst SOM the modem must remain locked for the duration
of the burst, otherwise the packet is discarded. This is the same
restriction on phase lock as was required by the receive synchronizer

in the present SPADE channel unit,
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The only significant delay in the new interface éesign is the

delay between the GOSIG and the transmission of data from the SIMP to

2

the interface. This delay, 2.375 usec if the present preamble and SOM

=

are used, 1is required for generating the preamble and SOM. A second
delay between 5.57 and 7.8 psec is necessary for set-up time of the
transmit interface after receipt of the GOSIG from the SIMP. Figure

3-1 shows the block diagram and timing relations for the new interface
configuration. This figure shows the present preamble and SOM, but

the interface design will permit the use of any length preamble and

SOM within the constraints of the hardware implementation. These con-
straints are 255 bits (max.) of carrier and bit timing recovery, and fixed
length per channel SOM's of 16,20, 24, or 28 bits. In this configuration
the present SSI and the SPADE Transmit and Receive Synchronizers would

not be usad. The new transmit and receive interface units perform all

the functions necessary “or transmission and reception of the burst.

3.2 Single Channel Unit Design

A second investigation was made to determine what modifications
would be necessary if a single channel unit were employed rather than
two units as in the present configuration. To employ a single channel
unit for the ARPA circuit either a second synthesizer must be installed
or a shift of 18.045 MHz of one output signal from the synthesizer
must be performed. The first approach, i.e., the use of a second
synthesizer, was rejected as being too costly to implement. The second
approach, i.e., frequency shift, in its initial concept is shown in
Figure 3-2., This configuration presents a problem in that the isolation
between mixer input and output ports is not perfect. As a result the
input from the freguency synthesizer will feed through the mixer and

ippear at the output at levels as high as 22 db below the desired fre-
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quency. 1f the desired signal is near thc.band edge of’ either the
high band or the low band filter, each of which has better than 18 MHz
bandwidth, the input frequency, which is 18.045 MHz away from th
desired signal and 22 db below it, will be within the filter passband.

This interference can be reduced by either of the following two
methods:

1. Restriction of the transmission frequency range so that
narrower bandwidths can be used in the high and low band
filter's, or

2. Double conversion of the transmit frequency in which the fre-
quency synthesizer output is translated upward by a large
enough amount so that the input frequency is not within the
filter passbands and is then down converted by a freguency
which is 18.045 MHz above the upconversicon freguency.

Block diagrams for the two methods are shown in Figures 3-3

and 3-4. The combination of oscillators shown in Figure 3-4 was chosen
to take advantage of the 46 MHz oscillator already existing in the
earth terminal modulator. 1In either method the filters will have to
have less than 0.5 db variation over the range of frequencies trans-
mitted and will have to attenuate the interfering frequency by at least
20 db. This means that the unwanted signal passing through the mixer
will be at least 42 db below the desired frequency at the filter out-
put.

The oscillator stability should be an order of magnitude greater
than the frequency synthesizer stability specified by the SPADE System
Specification. This specification requires + 50 Hz on the Frequency
Synthesizer output. Assuming that the oscillators have a stability of
+ 2 liz (so that the combination of both oscillators is less than + 5

Hz) ,the highest frequency oscillator (64 MHz) shown in Figure 3-4 would
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have to have a stablility of better than 3.purts of 108: The 18.045
MHz oscillator used in the restricted frequency range method would
require a stability of approximately 2 parts in 10°.

All filters, oscillators and mixers nceded for either of these
approaches are readily available commercially. Longest lead time items
would be the oscillators which require 12 weeks ARO for delivery.

In order to maintain complete flexibility in frequency assign-
ment, the double conversion approach would be required, should this
technigue be implemented. The disadvantage to modifying only a single
channel unit is that, in the event of failure, there would be no back-up
channel unit available. The cost to implement, install, and document
this change would be approximately $3200 per channel unit.

3.3 roposed Test and Monitoring Module (T&M)
L 2. el

As experience was gained by monitoring and evaluating the system
performance, it became evident that additional ecuipment should be
incorporated into the interface units to dynamically test and monitor
the system performance at each earth station on essentially a packet
by packet basis. Real time evaluation of system functions would signifi-
cantly aid the earth station personnel involved in the maintenance
of the system, in addition to aiding the personnel involved in evalu-
ating the performance of the experimental satellite network.

The information would be collected in two general categories.

The first would be status information which would be in a digital
format. This data would contain information as to carrier acquisition,
bit timing, SOM detection, receive data rate, hardware check sum errors,
etc. The second category of data would involve monitoring modem
performance, and be of an analog format. The analog data would be

converted to digital data for transmission to the SIMP. In monitoring

o e - - .. T —
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the modem performance each station would have to calibrate its own

modem outputs and the "calibration curves" would be stored in the SIMP.
An updating of the calibration curves would have to be performed rou-
tinely. The information collected from the modem could include AGC
feedback voltages, information on noise levels, VCO control voltages
for the 512 KHz and 32 KHz (Bit Timing) oscillators, etc. The test

and monitoring module should also provide a means for determining a con-
flict, i.e., when two or more stations simultanecously contend for the
time slot. A control word from the SIMP would be used to determine
what function is to be measured at the next received burst. Contention
data would be continuously monitored and the information sent to the
SIMP after each detected conflict. The information would be sent to
the SIMP over a dedicated linc installed between the SIMP and the T&M

module. The T&M module would be installed into the SPADE channel unit

c: 4 Conclusions

The initial concept of using the SPADE System for the trans-
mission of packet data via satellite has been proven to be feasible.
The low risk approach used in the modification of the channcl units
and in the implementation of the interface units facilitated the
initial testing of the system. It also proved valuable in deter-
mining what the shortcomings were in using the SPADE type channcl units
and what sihould he done to improve their operation.

The experience gained in the operation of the system to date
has shown that continued engineering support will be reguired to eval-
vate and improve system operation. This will be particularly true

as new earth stations are added to the network. The equipment and
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procedural modifications which have been made have significantly
improved the reliability of the channel. The present level of channel
performance is not a significant impediment to the experimental activi-
ties. There are, however, remaining channel performance problems which
will require additional analysis and corrective measures.

It is recommended that the SIMP/SPADE Interface units be modi=~
fied in two important ways. A modification to the data transmission
portion of the interface, as discussed in Section 3,will improve the
system flexibility, reliability and throughput. Of particular im-
portance would be the provision within the modified unit of capabil-
ities for flexible preamble and SOM generation and SOM detection.

This capability would permit preamble and SOM modifications which are
expected to be important in removing the remaining channel performance
problems.

The second recomnended nodification is to incorporate a real
time test and monitoring module into the 8SI. As discussed in Section
3.3, such a capability would be very valuable for both system main-
tenance and as an aid to the experimenters in evaluating the per-

formance of a satellite packet conmunication system.
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Annex 1
List of Definitions
CODEC - Coder-Decoder - Used in the SPADE channel unit for

converting analog voice signals to 56 KB/s data during
transmission, and during reception to convert the
56 KB/s data back to analog voice signals.
DTS = Data Test Set - Test eguipment designed and built by
! COMSAT under an ARPA contract, to measure channel bit
error rate and channel continuity in burst mode opcra-

tion.

i GOSIG - B signal generated by the SIMP to indicate when the SIMP
is ready to transmit data.
PREAMBLE - A bit sequence, generated in the transmit synchronizer,
composed of the carrier recovery sequence, 40 bits of
all "1's", followed by the bit timing recovery, 80 bits

of alternating 0011001l%k.... The bit rate is 64 KB/s.

. Transmit
Synchronizer ~ One of the modules in the SPADE channel unit. This
module performs a number of functions, including the
generation of all timing signals and clocks, preamble
’ N - 4o 4 . £ 3o 4~ b - . - 1 o
; and SOM generation, carrier on/off control, and contains

.
i
b
'
t

the modem drivers.

SIMP - Satellite Interface Message Processor - A Honeywell

316 mini-computer modified by Bolt, Beranek and Newman

i

for use in the ARPA satellite experimental program.
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SOM - Start of Message - A 32 bit data suqucncé generated
in the Transmit Synchronizer and used by the Receive
Synchronizer to resolve phase ambiguities in the data
received from the modem. The SOM is inserted into
the data stream after each 224 bits.

SP - Start Preamble - Synchronizing pulse generated in the
Transmit Synchronizer which turns on sequence generators
to generate the preamble and SOM's.

SPADE - Single channel per carrier PCM Multiple Access Demand
Assignment Equipment.

SPADII Channel

Unit - A part of the SPADE terminal composed of a number of sub-
modules for the transmission and reception of a single
carrier through the SPADE system.

SPADE SYSTEM - An international demand assignment multiple access
communications system utilizing SPADE equipnent.

SPADE Ter-

minal - The equipment used at an earth station for access to the
SPADE System.

SSI - SIMP/SPADE Interface - Equipment designed and built by

é COMSAT for use in the ARPA Satellite experiment. The
SSI is placed between the SIMP and SPADE channel units

- and used to exchange and condition the signals passed
between the two.

T&M Module - Test and Monitoring Module - A module being considered to

21l H -3 vy - g e w i $ G TR 3
aid the exmerimenters and earth station personnel in eval-
uating and monitorina the nerformance of tha catellite

channel,
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Receive

Synchronizer

A

one of the modules in the SEADE channel unit. This
module receives the demodulated data from the modem,
resolves any phase ambiguities in the data streams,
and then transmits the 56 KB/s serial data and 56 KHz

clock to the SIMP, via the SSI.




